Abstract: Distributed vibration sensing in optical fibers opened entirely new opportunities and penetrated various sectors from security to seismic monitoring. Here, we demonstrate a most simple and robust approach for dynamic strain measurement using wavelength-scanning coherent optical time domain reflectometry (C-OTDR). Our method is based on laser current modulation and Rayleigh backscatter shift correlation. As opposed to common singlewavelength phase demodulation techniques, also the algebraic sign of the strain change is retrieved. This is crucial for the intended applications in structural health monitoring and modal analysis. A linear strain response down to 47.5 pε and strain noise of 100 pε/√Hz is demonstrated for repetition rates in the kHz range. A field application of a vibrating bridge is presented. Our approach provides a cost-effective high-resolution method for structural vibration analysis and geophysical applications.
Introduction
Distributed optical fiber sensors have found a wide range of usage in various sectors, from structural health monitoring (SHM), power grid monitoring, to geotechnical, environmental or chemical applications. Nonlinear scattering phenomena in silica fibers, such as Raman and Brillouin scattering, are frequently used for static long-distance temperature (Raman) and strain/temperature (Brillouin) sensing applications.
Dynamic and high-resolution strain sensing is achieved by interferometric Rayleigh backscatter approaches. These distributed vibration sensing (DVS) techniques, often also referred to as distributed acoustic sensing (DAS), are typically based on coherent optical time domain reflectometry (C-OTDR) and have experienced dynamic progress and considerable advances during the last few years in both research and industrial application [1] . Whereas incoherent optical sources are used in standard OTDR for distributed backscatter loss measurement and fault detection [2] , C-OTDR utilizes a coherent optical source. Probing the fiber with coherent pulses results in interference of the Rayleigh backscattered power from scattering centers (scatterers) that are located within the width of the forward-propagating optical pulse. The fiber practically resembles a distributed multiple-path interferometer. The resulting jagged appearance of C-OTDR backscatter traces is constant for stable fiber conditions. However, minute changes of the temporal separation of the scatterers, for example due to local strain or temperature variations, can be detected as backscattered power variations. The advantages of these interferometric DVS techniques are the high strain sensitivity, the high measurement repetition rate and long distance range. DVS found application in high-resolution vibration detection in the oil and gas industry, security and perimeter monitoring, and geophysical applications [1] . Wider use in civil engineering and SHM sector is a more recent development. The requirement on the measurement repetition rate is generally lower for structural monitoring applications, but the measurement of the correct strain magnitude as well as the algebraic sign of strain change is generally required. This sign-correct measurement is a prerequisite, for example, for distributed deformation sensing and mode shape analysis of vibrating structures. The strain magnitude including the sign, however, cannot be determined by most of the proposed DVS principles.
The research presented in this paper aims, therefore, at the development of a DVS approach that enables high-resolution measurement of strain changes including the sign of the strain change. The intended applications are geophysical research, general structural monitoring applications, modal parameter analysis and vibration analysis of extended structures, as presented in this paper, for reinforced concrete bridges. The requirement on dynamic bandwidth are therefore relaxed, but high spatial resolution in the order of one meter is essential.
Also Brillouin scattering-based methods have been proposed for dynamic measurement [3] [4] [5] [6] [7] , but are not an alternative for most of the intended applications. Brillouin approaches enable absolute strain measurement including the sign information. The distance range, strain range and repetition rates are constantly enhanced. The strain resolution, however, is typically orders of magnitude lower than that of interferometric DVS techniques.
The majority of Rayleigh-based DVS principles utilizes single-pulse and singlewavelength direct-detection approaches [8, 9] which only allows for vibration detection. Quantitative strain measurement is not possible from differential power change evaluation due to the random scatterer distribution in the fiber and, thus, an unknown strain transfer function. More complex homodyne and heterodyne coherent-detection methods [10] have been proposed, some of which enable quantitative strain change detection [11] [12] [13] [14] . Other phase-resolved DVS techniques (phase-OTDR or Φ-OTDR) are, for instance, based on dualpulse approaches [15] [16] [17] . Also cross-multiply phase demodulation techniques [18, 19] or phase-shift keyed pulses [20] enable quantitative strain change measurement. Although these above-mentioned phase-resolved techniques are commonly more complex than simple directdetection approaches, requiring for example narrow linewidth lasers, additional modulators, GHz frequency sources, additional interferometers and stabilization, polarization management, balanced detection, or high-bandwidth detection, they can generally not determine the necessary algebraic sign of the strain change. To obtain this information, it is necessary, as in any interferometer, to analyze additional spectral information (i.e., utilize more than one wavelength).
The use of multiple pulse wavelengths has, for example, been proposed to improve the signal quality in DVS [21] , to retrieve phase information and linearize the strain response [22] , to compensate for laser frequency drift [23] , or to increase the repetition rate for distributed vibration sensing [24, 25] . The additional spectral information has, however, not been used to determine the sign of the strain change by these approaches. True quantitative strain change measurement, including the algebraic sign, can be achieved using multiplewavelength C-OTDR by means of correlation analysis of backscattered power along one of the three scanning parameters: Laser wavelength (equivalent: laser frequency ν), fiber distance (equivalent: pulse backscatter time), and time (trace-to-trace measurement time): Static strain distribution has been obtained in this way by correlation along the pulse wavelength axis relative to a reference measurement that has been pre-recorded at equally spaced individual pulse wavelengths using a homodyne C-OTDR [26] and a direct-detection architecture [27] . Also static distributed birefringence change measurement has similarly been conducted by pulse wavelength shift correlation analysis [28] . Dynamic strain tracking has been achieved by probing the fiber with frequency-chirped pulses and correlating backscattered power signals along the fiber distance axis [29] . The correlation of backscattered power signals of alternating optical pulse wavelengths along the trace-to-trace time axis has recently been demonstrated for dynamic measurement using a direct-detection approach [30] .
In this paper, we propose and demonstrate a most simplified, robust and cost-effective direct-detection technique that enables dynamic and quantitative high-resolution measurement of strain changes including the correct sign. Our method is based on periodically measuring backscatter traces at equidistant pulse wavelengths and correlation along the wavelength axis. It is the first time, to the best of our knowledge, that dynamic measurements can be conducted using a wavelength-scanning approach. The technique relies on direct laser current modulation, does not require averaging and can therefore be used for dynamic sensing applications. The required high spatial resolution of one meter can be achieved without restrictions.
In comparison to the chirped pulse technique [29] , the repetition rate is lowered by the number of measured pulse wavelengths, but the system complexity is further reduced since no high-bandwidth sampling and photodetection hardware is required. Compared to the correlation along the trace-to-trace time axis of different wavelength pulses [30] , the strain resolution is considerably improved.
The article is organized as follows: The proposed method is theoretically described, and signal processing techniques are defined in section 2. The experimental setup is introduced in section 3, and characterization and field test results are presented in section 4.
Method

Rayleigh scattering interferometry and measurement method
The origins of Rayleigh scattering in silica optical fibers are a great number of subwavelength dimensional refractive index variations (scatterers) that became frozen into the fiber core during the drawing process. The backscattered power from a singlemode fiber (SMF) can be described by a one-dimensional speckle model as a set of N discrete scatterers that have a uniform statistical position distribution along the fiber distance axis z. The scatterers' individual reflectivities r, with respect to the incident optical power, can also be modeled by a statistically independent uniform distribution.
The fiber under test (FUT) is periodically probed by rectangular optical pulses with the peak power I 0 and pulse duration τ d . The pulses are assumed to be monochromatic and linearly polarized, and periodically enter the fiber at the time t z = 0. In addition to this pulse propagation time axis t z (or fiber distance axis), a second time axis t is introduced to describe the changes of the backscattered power over progressing measurement time (from pulse to pulse). The optical power I(t,t z ), as detected by a square-law photodetector, from forwardpropagating optical pulses corresponds to the time-averaged and squared absolute values of the sum of the discrete backscattered optical field components. The total detected power is composed of a direct summation power component I d (t z ) and a coherent summation component I coh (t,t z ) as ( )
with Ê 0 and ν 0 being the amplitude and frequency of the optical field. The return time delay of the backscatter signal of the ith scatterer is described by τ i = 2n g z i /c 0 , where z i are the positions of the scatterers along the fiber, c 0 is the vacuum speed of light, and n g is the effective group refractive index of the fiber. Rectangular-shaped pulse propagation is assumed as rect{[t z - 
with τ ie = τ i -τ e = 2n g z ie /c 0 as the scatterers' relative delays and z ie = z i -z e being the physical separation between the individual scatterers. Propagation loss along the fiber is neglected and polarization preservation within w/2 is assumed. 
where p e ≈0.22 is the effective strain-optic coefficient of silica, ξ is the thermo-optic coefficient of silica and α is the thermal expansion coefficient of the fiber. Negligible proportionality deviation can be assumed under realistic application scenarios with |Δτ ie /τ ie | << 1 and |Δν p /ν 0 | << 1. Optical delay changes Δτ ie (t) relative to the initial scatterer delays τ ie over the progressing measurement time t can be described as a superposition of occurring strain changes Δε(t,t z ) and temperature changes ΔT(t,t z ) along the fiber distance axis (function of t z ). The delay changes can therefore be substituted as
This equation may be further expanded by other delay-proportional impact parameters. It is evident from Eq. (3) that changes of the optical frequency Δν p have an equivalent impact on delay changes Δτ ie . Substituting delays from Eq. (4) by frequency changes leads to a total detected backscatter power dependence of
Equation (5) shows that optical frequency changes Δν p and strain/temperature changes Δε and ΔT are interchangeable factors in the phase term. Changes of temperature and strain can therefore be compensated by equivalent pulse optical frequency changes Δν p . The compensation is total under the condition that ΔT and Δε are uniform within w/2. The absolute scatterer position changes τ i (t) and τ e (t) can be neglected for most applications but will have a degrading effect on the correlation quality if they are greatly shifted with respect to the pulse sampling positions.
Wavelength-scanning approach
Correlation of backscattered power signatures from multiple wavelength pulses has been demonstrated along the three parameters: t, t z and Δν p . The correlation along the trace-to-trace time axis t between two different pulse wavelength groups has been proposed for strain and temperature measurement [30] . A correlation approach along the fiber distance axis t z has been demonstrated using linearly chirped pulses [29] . The aim of our proposed measurement technique, however, is to correlate along the frequency (or wavelength) shift axis Δν p . Similar to [26] for static sensing, we determine strain and temperature changes by measuring corresponding optical frequency shifts. Backscattered power signals are measured over a range of discrete pulse optical frequency values and the shift is determined by some kind of correlation analysis. Our approach, however, aims at dynamic measurement at increased strain resolution utilizing a most simplified and robust hardware implementation. Therefore, the pulse optical frequency is periodically and linearly tuned during consecutive backscatter measurements with the pulse repetition period τ p (pulse repetition frequency f p = 1/τ p ). The laser frequency sweep is achieved by simple direct modulation of the laser current with a saw-tooth signal, as depicted in Fig. 1 . The optical frequencies of the pulses are defined as ν p = ν 0 + Δν p with discrete frequency steps of Δν with Δν p = pΔν, and p = 0,1,2…m. Backscatter traces of m + 1 pulse optical frequency values are measured during the laser sweep period τ s (integer multiple of τ p ). The frequency shift-equivalent strain or temperature change values, Δε(t,t z ) and ΔT(t,t z ), are obtained by correlation analysis of I(t,t z ,Δν p ) along the Δν p axis for each fiber position z = t z c 0 /(2n g ). The correlation is conducted for the effective sweep sampling times t = t s = nτ s , with n∈ 0 (as indicated in Fig. 1) , and relative to a reference sampling time t = t ref . The effective measurement repetition rate is f s = 1/τ s . The pulse-to-pulse backscatter variations for 1000 frequency sweeps I(t s ,Δν p ) for one sensor position z (one random set of N scatterers) are simulated in Fig. 2(a) . A 10 Hz harmonic strain signal Δε(t s ) with a peak amplitude of 1 µε (strain units are given in ε, with 1 ε  1 m/m) is superimposed using Eq. (5). The strainequivalent frequency shift proportionality is evident in Fig. 2(b) . 
Correlation and interpolation approach
We propose a least square correlation algorithm to determine the strain or temperature change-equivalent measured frequency shift Δν m relative to a reference time t ref by determining the minimum argument of the correlation result 
and |q| < m. This least square correlation algorithm shows improved stability and performance regarding faulty correlation results and precision in comparison to standard cross correlation analysis. The proposed algorithm also exhibits comparable results to Pearson's correlation coefficient analysis, used in [26, 27] , but at considerably reduced computational expense.
The measurable strain range depends on the number of pulse frequencies and the used frequency sweep range Δν p . It is roughly equivalent to ± Δν p /4 for error-free correlation with a single, fixed reference sweep result I(t ref ,t z ,Δν p ). For comparison, a frequency shift of 1 GHz corresponds to a strain change of about −6.7 µε. In section 4.2, however, we propose a method that allows for continuously expanding the measurable strain range beyond this frequency sweep range limitation. Another possibility to extend the strain range is to conduct a sweep-to-sweep correlation (each sweep result correlated with the previous sweep result), similar to [29, 30] , and obtain the strain change Δε(t s ) from accumulative summation of the consecutive shift results. This technique, however, results in accumulated strain error and degradation of the low-frequency strain response if the errors are not appropriately handled.
The sampling resolution of the measured frequency shift Δν m is effectively increased by more than two orders of magnitude beyond the frequency step size Δν by interpolation of 
Laser sweep linearization
The frequency chirp during the pulse duration τ d for most measurements in this paper is in the order of 20 kHz and can be neglected. The frequency change during τ s , however, is not entirely linear for the experimentally implemented direct laser current modulation and has to be compensated by numerical linearization. This is especially important for higher strain values, and when widely shifted sweep sequences have to be correlated. Figure 3(a) shows the frequency change during τ s that has experimentally been determined from a phase change measurement in an unbalanced Mach-Zehnder interferometer. The section in the beginning of the saw-tooth sweep segment (< τ s /10) is not used for the correlation sequence due to the negative frequency slope after the falling edge of the sawtooth current modulation signal. Figure 3(b) shows the directly measured backscatter power during the frequency sweep, and the numerically linearized power I(Δν p ) which is eventually used for the correlation analysis using Eq. (7).
The 
The experimental implementation of these methods is presented in the following section. Performance and application tests for distributed strain measurement are summarized in section 4.
Experimental setup
The aim of the proposed correlation approach and experimental implementation was to realize a robust, high-resolution DVS system with the focus on a simple design and low-cost components. A single channel direct-detection architecture has been implemented. The schematic of the experimental setup of the technique is depicted in Fig. 4 . A low-cost distributed feedback (DFB) laser diode with a spectral width of 1.3 MHz and a center wavelength of 1549.89 nm (ν 0 ≈193.36 THz) is used in continuous wave (CW) mode. The coherence length in the fiber is in the order of 50 m. The degree of coherence loss within the pulse length can therefore be neglected for pulse widths of a few meters. The central component is a 120 MHz two-channel signal generator, which supplies the synchronized sawtooth voltage signal Δu for the laser current modulation Δi and, consequently, the frequency modulation Δν (Δν/Δu ≈-20 MHz/mV). It also supplies the rectangular signal for the pulse shaping as well as the trigger and synchronization signal for the data acquisition. The optical pulses are generated by a semiconductor optical amplifier (SOA) which is operated via a seed driver as a fast optical switch with a high nominal extinction ratio of 70 dB. Deviations of the laser spectral properties due to SOA pulse shaping were not observed. The SOA CW input power is adjusted by a polarization-maintaining variable optical attenuator (PM-VOA). The optical pulse signal is subsequently amplified to several hundred mW peak power I 0 by an erbium-doped fiber amplifier (EDFA) in constant-current mode. Amplified spontaneous emission (ASE) noise is filtered out by a low-cost telecom-grade dense wavelength-division multiplexing (DWDM) filter (0.2 nm bandwidth, flat-top) before the pulse signal is coupled into the standard singlemode FUT via a polarization-insensitive optical circulator. All backscattered power is amplified by an EDFA pre-amplifier in constant-current mode and is subsequently ASE-filtered by a second DWDM filter. The optical backscatter power signal is converted to the electrical domain by a 125 MHz bandwidth PIN photodetector (PD) with an integrated transimpedance gain. The backscatter signal, triggered by the signal generator, is sampled with a 14-bit resolution by a 500 MS/s analog-to-digital converter (ADC). The sampling period translates to a spatial sampling resolution of about 20.4 cm. That means that, at spatial resolutions in the meter-range, the adjacent backscatter sampling points comprise a considerable overlap of the axial strain distribution as well as the Rayleigh scatterer contribution.
An accuracy-limiting factor for long-term and quasi-static strain or temperature measurement is the frequency stability of the laser source. The calculated maximum strain and temperature deviation due to temperature controller drift in combination with the DFB laser over 24 hours is equivalent to Δε ≈ ± 120 nε and ΔT ≈ ± 13.4 mK, respectively. The reason for the non-symmetric saw-tooth laser current modulation signal (as opposed to using a symmetric triangular modulation or the linear slope of a sine signal) is to determine the phase of the sweep modulation. This is achieved at the beginning of the measurement by a trace-to-trace discontinuity analysis of the backscatter signal to identify the falling slope. The motivation is to maintain maximum system simplicity and avoid the need for a second data acquisition channel just for laser sweep phase recovery.
The maximum pulse repetition rate is limited by the fiber length z max with f p,max = c 0 / (2n g z max ) . The maximum measurement repetition rate for the wavelength-scanning mode, however, is reduced to f s by the number of pulse frequency steps. Repetition rates in wavelength-scanning mode can be in the kHz range for fiber lengths of a few kilometers, which is more than sufficient for vibration analysis of extended structures and general health monitoring applications. The frequency range also covers the required bandwidth for seismic measurement (5-150 Hz) [1] . The measurement mode of the setup can also be instantly changed to single-wavelength differential power change analysis with fiber length-limited repetition rates up to f s = 7 MHz. Alternatively, measurement of higher strain rates, but lower strain resolution and lower repetition rate, can be conducted with this setup by using the dualwavelength correlation approach from reference [30] and correlating power signatures along the time axis.
The measurement repetition rate could be increased by probing the FUT with pulses of different wavelength in parallel. The frequency demodulation, however, would result in an unacceptable increase of hardware demand for optical filtering and frequency-diverse detection. Frequency demodulation in the signal domain using short Fourier transform analysis [25] requires longer pulse durations, which is not acceptable for the high spatial resolution requirements of most SHM applications.
Results
Performance characterization
The performance of the proposed sensor system is ultimately determined by the validity of the theoretical assumptions made in section 2. This includes, for example, the physical and numerical implementation of the sweep linearization, the linearity of the strain-Δν m transfer for interpolated results R' ref,s (q'), as well as the overall reliability and stability of the correlation algorithm. This is particularly important for fiber sections where strong nonhomogenous strain distributions occur within the spatial resolution w/2, and the similarity of I(t ref ,Δν p ) and I(t s ,Δν p ) is thus effectively distorted.
The performance has initially been tested and quantified under controlled laboratory conditions. A 970 m long FUT has been placed in a vibration-damped and temperaturestabilized box. A 14 m long fiber section at the fiber end (about 936.5 m to 950.5 m) has been wound around a piezo tube. The piezo is used to apply harmonic strain signals to the fiber with amplitudes from the pε-range up to several µε. As an example, Fig. 5(a) displays the temporal strain distribution for this fiber section during a 20 Hz and 97 nε peak amplitude excitation. Figure 5(b) shows the strain result for a single sensor position at z = 942.11 m. The raw backscattering power results at z = 942.11 m are shown in Fig. 5(c) and the corresponding correlation results are depicted in Fig. 5(d) . The 3D depiction of a 120 Hz and 97 nε peak amplitude signal in Fig. 5(e) displays the strain amplitude spectral density (ASD) calculated from one second recorded I(t s ,t z ,Δν p ) results. The strain response of the piezo tube has been confirmed by Mach-Zehnder reference measurement. These results demonstrate that the correlation technique is very robust, even at the edges of the strained fiber section where strong inhomogeneous strain distributions within the spatial resolution cells occur. The spatial separation between unstrained fiber sections and full strain amplitudes in Fig.  5(a) ,(e) is less than the nominal spatial resolution of 2 m. The high harmonic suppression also proves the linearity of the strain-Δν m transfer at the uniformly and, more importantly, at not uniformly strained sensor resolution cells. Figure 6 displays the strain ASD and strain amplitude responses in logarithmic scale for two sensor locations at strained and unstrained fiber sections, respectively. This result demonstrates the high linearity (low harmonic distortion) of the physical implementation as well as the validity of the numerical operations introduced in section 2. The suppression of the second harmonic is in the order of 25 dB (corresponding to 50 dB in the often-used power spectral density characterization in this field). The visible strain amplitudes at 50 Hz and 104 Hz (and harmonics thereof) in the order of 50-170 pε are presumably due to electrical oscillations directly affecting the laser current stability. They could, however, be spectrally removed since they are constant in amplitude and coherent in phase. The reliability of the method to correctly measure distributed perturbations at multiple positions along the fiber is demonstrated for a measurement application in section 4.
The strain resolution is characterized by the minimum detectable strain amplitude at the presence noise. This is best described independent of the dynamic bandwidth of the system by the strain amplitude spectral density noise in nε/sqrt(Hz). The strain ASD noise for the measurement above is about 0.23 nε/sqrt(Hz), and approximately white noise for f > 10 Hz. The temperature noise corresponds to 26 µK/sqrt(Hz). The strain ASD noise for the field application in Fig. 9 at 1 m spatial resolution (τ d = 10 ns, f s = 1 kHz, z max ≈510 m) is about 0.30 nε/sqrt(Hz). The ASD noise for various spatial resolutions settings and distance ranges at f s = 1 kHz is listed as an example in Table 1 . Higher resolution can be achieved by using longer pulse durations τ d at the cost of spatial resolution, or by tuning τ s and τ p towards reduced repetition rates or reduced distance ranges. Analogously, the repetition rate and/or the distance range can be increased for adjusted measurement parameters at lower strain resolutions. Strain resolutions of 0.10 nε/sqrt(Hz) can, for example, be reached for f s = 2 kHz, τ d = 50 ns and z max ≈510 m.
As addressed in section 2.3, the validity of the interpolated R' ref,s (q') results for sub-Δν-equivalent strain resolution is an important issue. The linearity of the strain response is confirmed by analyzing the strain amplitudes over a wide strain amplitude range and well below the Δν-equivalent strain quantization limit. Figure 7 shows the measured strain amplitudes for a wide range of harmonic 120 Hz piezo voltages. The strain response is linear over more than four orders of magnitude from of 47.5 pε amplitude to 778 nε, and more than three orders of magnitude below the Δν-equivalent strain value Δε s = 79 nε for the settings Δντ d ≈0.24. This confirms the applicability of the interpolation approach and demonstrates that the system can be used for distributed vibration quantification in the pε range.
Dynamic strain range expansion
The advantage of scanning and correlation along the frequency shift axis is the undistorted I(Δν p ) dependence on strain, as evident from Eq. (5). Only signal shifts occur for uniform strain distributions. That ensures long-term stable measurement over a wider strain range due to the comparison with a highly correlated reference. The undistorted I(t s ,Δν p ) shift as a function of strain has another beneficial implication: Although the measurable strain range is methodically restricted by the frequency shift envelope of the laser sweep Δν p , this limitation can be broken by using the backscattered power data of strain-shifted new sweep results I(t s ,Δν p ) that exceed the Δν p limit after the correlation. This new data is used to continuously expand the power reference I(t ref ,t z ,Δν p´) beyond Δν p by appending the new power results that exceed the Δν p range. An example of a measurement I(t s ,Δν p ) during an amplitude-modulated harmonic strain excitation is shown in Fig. 8(a) . The continuously expanding reference spectrum I(t ref ,Δν p´) from this measurement is depicted in Fig. 8(b) . The measured strain result, obtained from correlation with I(t ref ,Δν p´) , is plotted in Fig. 8(c) . Extending the reference to I(t ref ,Δν p´) does not only break the boundaries of the strain measurement range, but also improves the correlation results due to a wider correlation reference range. The strain range during a continuous measurement is only limited by the physical strain range of the fiber. No tunable laser source, tunable filters or external highbandwidth modulation is required to cover the continuous range expansion. The only restriction is the maximum strain rate that still ensures partially overlapping sweep results for correct correlation and allows for continuous reference patching.
By storing the extended reference spectrum, it is also possible to resume an interrupted measurement and conduct relative strain change measurements at irregular intervals. Since the backscattered power signature as a function of Δν is distinct and non-periodic, the correlation of resumed sweep results with I(t ref ,t z ,Δν p´) yields correct and unambiguous shift results. This functionality is very useful for long-term monitoring applications, where additional absolute strain change information is required. Temporarily interrupted strain change measurement is also achieved by the static approach in [26] , but is generally not feasible for dynamic phase-demodulation DVS methods.
Field application
The experimental setup has been tested in an actual structural monitoring application. A 24.4 m long two-span reinforced concrete bridge model has been constructed for the purpose of structural and modal vibration analysis. For the analysis of modal parameters, it is crucial to not only determine the precise strain distribution, but also the sign of the strain change. The single beam and two-span bridge (12.2 m span lengths) has been instrumented with standard SMF; see Fig. 9(a) . The fibers have been glued onto the top and bottom of bridge (twice each) along the entire length of the structure. Fiber sections of a few meters length between the surface-glued sensor sections are installed in strain-free condition. The strain distribution has been measured with f s = 1 kHz repetition rate and 1 m nominal spatial resolution (τ d = 10 ns) during a white noise (< 80 Hz) vibrational excitation with a shaker placed on top of the bridge at not centered position between two supports. The measured strain distribution along the 24.4 m length of the two spans is shown for two seconds in Fig.  9(b) . The two deflected spans of the bridge can be clearly identified. More information of the structural response is revealed when the strain amplitudes are displayed in the Fourier domain, as depicted in Fig. 9(d) . The individual mode shapes and the respective modal frequencies are clearly visible. Due to the white noise excitation of the vibration, the modes are blurred, but the transitions between different vibrational modes can be analyzed. The darker, horizontally running lines of lower strain amplitudes in Fig. 9(d) represent the nodes of various vibration modes and the transition between the different mode shapes. The distinct vertical lines, for example at 3.8 Hz, 5.9 Hz and 15.2 Hz, are the first three allowed bending modes of the structure. Their frequencies have been numerically predicted and have been confirmed also by accelerometer measurements. The nominal spatial resolution of 1 m enables the separation and identification of higher modes of vibration with smaller spatial extension, as the 2.4 m modes at around 95 Hz. Their amplitudes in the range of 100 pε are visible and can be spectrally and spatially analyzed. The optical fiber-based high-resolution distributed analysis of vibrating structures is a powerful new tool for the structural monitoring and damage assessment of infrastructure. The distributed analysis of mode shape changes and mode frequency changes can be used for early damage assessment.
Conclusion
In this work, we demonstrated, to our knowledge for the first time, a wavelength-scanning coherent OTDR approach for dynamic strain change measurement. The spectral backscatter analysis makes it possible to determine the algebraic sign of the strain change which is crucial for a wide range of sensing applications. The technique features a simple, robust and costeffective architecture and realizes the wavelength-scanning by direct laser current modulation. In contrast to other phase-resolved approaches, no highly coherent sources, polarization management, tunable lasers and filters, interferometer stabilization, highfrequency signal generation or high-bandwidth detection are required.
Numerical sweep linearization and a robust and efficient correlation approach have been proposed and implemented. A linear strain response down to 47.5 pε and a strain resolution up to 0.1 nε/sqrt(Hz) have been confirmed. The high linearity, high strain resolution and measurement repetition rate is achieved by physically substantiated optimization of the measurement parameters related to the correlation and interpolation approaches. A dynamic sweep range extension technique has been demonstrated which allows for theoretically unlimited continuous strain range measurement without the need for a tunable laser or filter. A significant advantage in comparison to other phase-resolved DVS approaches is that an interrupted strain measurement can be resumed without loss of the reference, if the strain range of the extended sweep range is not exceeded. The field applicability and the robust correlation performance have been demonstrated by means of distributed strain measurements and vibration mode analysis of a reinforced concrete bridge.
The experimental setup is fully compatible with single-wavelength DVS approaches and can also be used for conventional vibration sensing well into the MHz range. The bandwidth of the presented wavelength-scanning mode is reduced by the number of wavelengths that are used for the correlation. The achievable measurement repetition rate in the kHz-range for kilometer fiber lengths is more than sufficient for the intended applications.
The technique provides a potent new method for the structural monitoring applications and can, for instance, be used for distributed vibration analysis, localized damage assessment and remaining lifetime predictions of critical infrastructure. The high spatial resolution down to the sub-meter range is a prerequisite to clearly separating mode parameters and reliably detecting and monitoring structural discontinuities and damages, such as material fatigue and sub-µm crack propagation. The extremely high strain resolution makes it possible to conduct distributed ambient vibration analysis. Also the geophysical sector is a potential field of application, for example for active and passive seismic applications or ambient noise tomography.
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